A detailed collisional radiative model of W 27+ ions was constructed based on the atomic data calculated by relativistic atomic properties software Flexible Atomic Code. The strong electric dipole (E1) transitions mainly comes from the 4 f → 4d transition in W 27+ ions with wavelength falls into VUV region (4.6 -5.1 nm), while the wavelength of magnetic dipole (M1) transition among the fine structures of the first excited states falls into the visible optical region. Synthetic spectra in both regions are given theoretically with plasma condition in EBIT for experiment reference. Finally, the dependence of the intensity ratio on the electron density is provided as a potential diagnostic tool of Maxwellian plasmas.
Introduction
Tungsten (W) attracts research interest because it is one of the good candidates for the divertor or wall material in the next generation magnetic confinement fusion reactors due to its favorable properties. These applications have motivated a number of theoretical and experimental investigations on the atoms (ions) radiative properties over a rather large temperature range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Tungsten impurity ions might be transported to the core plasma and radiate high energy photons. Consequently, large radiation loss could be caused by these impurity ions. However, tungsten impurities can also provide information about fusion plasmas such as electron density, electron temperature and ion temperature.
In the last three decades, extensive research has been done on the radiative properties of highly charged W ions. Measurements of radiation from tungsten ions have been carried out at many Electron Beam Ion Trap (EBIT) ion sources and fusion devices. A review of the research work on the tungsten ions which had been done before 2008 is given in [1] . Ralchenko et al. measured the M1 transitions of 3d n configuration of highly-charged tungsten ions. The spectrum were analyzed by a hybrid collisional-radiative modeling [11] . They also suggested several M1 line ratios which could be used to reliably diagnose the temperature and density in hot plasma. For high temperature plasma, Yanagibayashi et al. observed EUV spectra of highly charged W ions from JT-60U plasma at T e ≈ 8 and 14 keV [12, 13] dallah et al. construct a collisional radiative modeling of tungsten for T e = 1 − 2 eV [14] . We also measured the visible spectrum of moderate ionized W 26+ ions using the EBIT facility, and the spectrum were analyzed via multiconfiguration Dirac-Fock calculations [15, 16] .
In the ASEDX Upgrade, the Ni-like W 46+ to Kr-like W 38+ ions were expected to be observed in the central plasma region and Rb-like W 37+ to Sn-like W 24+ ions were expected in the outer plasma region [6] . It can be expected that the W 26+ and W 27+ ions will be abundant in the outer region of ITER as in ASEDX Upgrade. For the impurity control and plasma diagnostics, it is necessary to have thorough knowledge about these ions.
The ground state of W 27+ is 4d 10 4 f 1 which has only one electron in the open 4 f orbital. This ion can be chosen as the first example to be investigated due to its relative simplicity. Other lower-charge ions in which the ground state has more than two electrons in the open 4 f orbital will lead to more complicated situation for detailed fine structure collisional radiative (CR) modeling.
The paper is organized as follows. Section 2 describes the CR modeling method and the procedure to obtain the necessary atomic data. The VUV and optical spectrum as well as potential diagnosis lines are discussed in Sec 3. Finally, the last section summaries the conclusion.
Theoretical Method
The emission intensity (I i j ) of a specific transition from upper energy level i to lower energy level j of an atom in the plasma is proportional to the product of the radiative decay rate (A i j ) and population density (n i ) of the upper level i, i.e.,
With the development of atomic theory based on relativistic quantum dynamics and modern computer technology, the radiative transition rate A i j can be determined accurately by state-of-the-art theoretical calculations. The relativistic configuration interaction method as implemented in the Flexible Atomic Code (FAC) [17] was used to calculate the atomic data which are necessary to construct the CR model. Relativistic effects and the important electron correlation effects have been taken into account.
The state population density n i can be obtained by solving the collisional-radiative rate equation:
where n e is the electron density, C( j, i) and F( j, i) are collisional excitation and deexcitation rates from the level j to i, A( j, i) is the radiative transition rate from the level j to i, S (i) is the collisional ionization rate of the level i of W 27+ ions to W 28+ ions. The radiative transition, collisional (de) excitation and ionization processes are included in the present calculation, while the radiative and dielectronic as well as three body recombination processes are not included because these processes only slightly affect the population of the low-lying levels that are relevant to the present spectrum.
The fine-structure levels of the configurations 4d 10 4 f , 4d 10 5l, 4d 10 6l, 4d 9 4 f 2 , 4d 9 4 f 1 5l (l ≤ 4) of W 27+ were included in the present calculation. The rates of radiative transitions and the collisional-(de)excitation among these levels were calculated using the relativistic configuration interaction method. All the possible E1, E2, E3, and M1, M2 transition among these fine-structure levels are calculated. The collisional excitation cross section was calculated in the distorted wave approximation. The collisional ionization processes from the levels of W 27+ ions mentioned above to the levels of configuration 4d 10 , 4d 9 4 f , 4d 9 5l, 4d 8 4 f 2 and 4d 8 4 f 5l of W 28+ are included. Experimentally, the atomic properties of these ions can be measured accurately by the electron beam ion trap (EBIT) facilities. With the CR modeling, the experimental measurement can be analyzed reliably. This method was successfully used in many previous studies to analyze and identify dozens of spectral lines from highly charged heavy ions in x-ray and VUV as well as optical regions.
To simulate the emission spectrum in EBIT and fusion plasma, the free electron are assumed to be mono-energy Fig. 1 The synthetic spectrum of W 27+ ions in 4.6-5.1 nm with n e = 10 10 cm −3 and E e = 830 eV, the electron distribution were assumed to be in mono-energy like in EBIT. 
Results and Discussions
Identification of the strong transitions is the basic step of both atomic physics and plasma diagnosis. The synthetic spectrum of W 27+ ions in 4.6 -5.1 nm is shown in Fig. 1 . The electron distribution was assumed to be monoenergetic (with E e = 830 eV) that results can be used to compare with a future EBIT experiment. All the strong emission lines of W 27+ ions in this wavelength region come from the electric dipole (E1) transition 4 f → 4d. The transition e comes from 4d 9 4 f 5s → 4d 10 5s, while others come from the resonance transition 4d 9 4 f 2 → 4d 10 4 f . The corresponding transition wavelengths and transition probabilities are listed in Table 1 .
Forbidden transitions in highly charged ions become prominent in low density plasma because the population densities of the excited levels which decay only via forbidden transitions can be relatively high and therefore produce some strong radiation. The synthetic spectrum of W 27+ ions in the visible region (340 -750 nm) was given in Fig. 2 with the same plasma condition as in VUV case. The Fig. 2 The synthetic spectrum of W 27+ ions in optical region with n e = 10 10 cm −3 and E e = 830 eV, the electron distribution were assumed to be in mono-energy like in EBIT. The intensity of peak A was divided by 50 to fit the display. Table 2 The wavelength (λ in nm) and transition probability (A i j in s −1 ) of W 27+ ions in visible region. The upper and lower levels denoted by the open relativistic orbital and its occupation number as well as total angular momentum J in subscript. The column "Key" present the corresponding label in Fig. 2 Fig. 2 ) with wavelength 339.3 nm in the present calculation (343.4 nm in detailed multi-configuration Dirac-Fock calculation [18] ) is the M1 transition between the doublet of the ground state 4d 10 4 f 2 F 7/2 and 2 F 5/2 . A new observation in Toyko-EBIT (344.40 nm) might corresponding to this peak [19] . The difference between the present calculation reuslt and detailed MCDF calculation mainly due to the different treatment on the complex electron correlation effects. Generally, MCDF method can deal with electron correlation effects better. Both method has an accuracy about 1% on the transition wavelength. The wavelength of M1 transitions among the fine structure of first excited configuration 4d 9 4 f 2 also falls into the visible spectrum region, but the intensity is weaker than that of peak A. The corresponding transition wavelengths and transition prob- Fig. 3 Electron density dependence of the intensity ratio in optical region in EBIT environment(E e = 830 eV with electron distribution were assumed to be mono-energy). Fig. 4 Electron density dependence of the emission line intensity in optical region with T e = 1 KeV, the electron distribution were assumed to be Maxwellian like in fusion plasma.
abilities as well as designation are listed in Table 2 . The intensities (number of photon per second per ion) in Fig. 2 is much weaker than that of Fig. 1 by 6 orders. This means the most favorable transition is E1 resonance transition from the first excited state. The visible spectrum can only be observed within the appropriate plasma conditions in which the excited state have larger population.
The diagnostic potential of the transition lines for the electron density is based on the electron density dependence of the selected line intensity ratios. When collisional rates become comparable with the radiative transition probabilities of a specific level, the intensity ratio shows sensitivity to the electron density n e .
The electron density dependence of the intensity ratios in optical region for EBIT environment are given in Fig. 3 for some selected transition lines of diagnostics interests. The figure shows that these intensity ratios are sensitive to the electron density from 10 10 cm −3 to 10 13 cm −3 . The results are expected to be verified in the further EBIT experiment measurements.
Finally, for the fusion plasma diagnostics purpose, the free electron distribution was assumed to be Maxwellian with electron temperature T e = 1 KeV. The potential diagnostics lines in visible optical region are shown in Fig. 4 . All the selected optical lines are density-sensitive in the low density region for fusion plasma.
Conclusion
A detailed CR model for W 27+ ions was constructed and theoretical synthetic spectra were provided in the present paper. Electric dipole transition 4 f → 4d dominate in the VUV region, and magnetic dipole transition of the first excited states 4d 9 4 f 2 of W 27+ fall into the visible region. Several transitions are predicted to be sensitive to the electron density and can be used for diagnostics. Further experimental measurements are desired. However, for the optical visible spectrum measurements in EBIT, the most important is to find an effective way to generate the excited ions with abundant population. Because M1 transition generally have small transition probability, the experiment measurement may need relatively longer exposure time.
